Introduction
Salmonellae are facultatively intracellular pathogens both in man and animals [I] . They can cause disease ranging from gastroenteritis to typhoid fever, depending on the serotype of the bacteria. Animals are the main source of salmonellae although person-to-person spread does occur.
In the disease process, bacteria have to invade the intestinal epithelium, from which they can move to the Peyer's patches and further into the host. Several distinct loci have been reported to be involved in invasion by salmonellae [2-61. However, the exact mechanism by which salmonellae invade the epithelial cells is still unknown. Salmonellae invade the intestinal epithelial cells typically in the distal ileum. Invasion is obviously a two-stage process consisting of adhesion followed by penetration. This has been concluded from observation that mutations in certain genes involved in invasion reduce the capacity of salmonellae to penetrate intestinal epithelial cells without affecting adhesion [5, 7] . In the areas where Salmonella enterica serotype Typhimurium interacts with the host cell, the morphology of the host cell changes remarkably [8-101. The plasma membrane forms ruffles, which facilitate the uptake of particles to the cell, and the entry of salmonellae into cultured cells results from the intimate interaction of the cells and the bacteria [l 11 . The bacteria penetrating the epithelial cells are enclosed into vacuoles, and low pH appears to play a role in killing the bacteria. However, Salmonella spp. have been reported to live in epithelial cells up to 24 h [12, 131. Another possible factor which may play a role in the killing of intracellular bacteria in epithelial cells is nitric oxide (NO). It is an unstable,, gaseous radical. Many cell types produce it either constitutively or as a consequence of certain stimuli, e.g., TNF, IFN-a, -p and -y, IL-1 and IL-6, endotoxins, leishmania, mycobacteria, many viruses and parasites [ 14-161. NO has been shown to play a role in several responses of the body, including vasodilatation, neurotransmission and immune and inflammatory reactions [17] [18] [19] [20] . Increased NO synthesis has been reported in the mucosa of patients with ulcerative colitis [2 1,221, and also epithelial cells in paranasal sinuses produce marked amounts of NO [23] . There has been no report of production of NO by human intestinal epithelial cells.
Some patients with salmonella enteritis develop reactive arthritis, usually 1-3 weeks after the onset of Adhesion assay the initial infection [24] . It is an asymmetric, nonpurulent polyarthritis and can vary from slight arthralgia to severe, disabling disease. Most patients with reactive arthritis have tissue antigen HLA-B27 [25] . The pathogenesis of reactive arthritis is unclear despite intensive investigation. However, persistence of causative microbes or parts of them seems to have arr' important role in initiating and maintaining the disease [261-As a first step towards the study of microbe-host interaction in reactive arthritis, a model was developed to observe intracellular life and degradation of S. enterica serotype Enteritidis during prolonged incubation in cultured intestinal epithelial cells.
Materials and methods

Bacterial strains and culture conditions
The strain of S. enterica serotype Enteritidis used in this study was a stool isolate from a patient with salmonella-triggered reactive arthritis. Invasive Escherichia coli (EIEC 3549; Central Public Health Laboratory, 61 Colindale Avenue, London) was also used in some experiments. Stock cultures were maintained at -40°C in Trypticase soy broth with glycerol 20% v/v. One day before adhesion or invasion assay, salmonellae were washed twice with PBS and incubated in LuriaBertani (LB) broth for 18 h at 37°C; 0.5 ml of this bacterial culture was added to 10 ml of fresh prewarmed LB broth and incubated for a further 2 h at 37°C so that the bacteria were in logarithmic phase when they were used to infect the cells. E. coli were grown overnight at 37°C with vigorous shaking (200 rpm), and 0.5 ml of the bacterial culture was added to 50 ml of pre-warmed LB broth and incubated for a further 2 h at 37°C before infecting the cells.
Cell cultures
The cell line used in this study was Henle-407 (CCL-6; American Type Culture Collection, Rockville, MD, USA) which was derived from human embryonic jejunum and ileum. The cells were cultured in disposable dishes (Costar, Cambridge, MA, USA) and flasks (Greiner, Frickenhausen, Germany) . The cells were grown in RPMI 1640 culture medium containing heat-inactivated fetal calf serum (FCS; PAA Laboratories, USA) 10% v/v and L-glutamine (29.2 mg/ml; Biological Industries, Kibbutz Beth Haemek, Israel) 1% w/v supplemented with (/ml) penicillin 10 000 U, streptomycin 10 mg and gentamicin 50 pg, (Biological Industries, Israel) at 37°C in air with C02 5% and 95% humidity in a C02 incubator. For adhesion and invasion assays, cells were seeded in to 50-ml flasks or six-well tissue culture plates and grown to confluency.
Confluent monolayers of Henle-407 cells were rinsed twice with pre-warmed Hank's Balanced Salts Solution (HBSS) to remove residual antibiotics and serum components. Cells were overlaid with pre-warmed RPMI culture medium supplemented with heat-inactivated human AB serum (Finnish Red Cross) 10% v/v. It has been shown that chloramphenicol, an inhibitor of protein synthesis, reduces the invasion of S. Typhimurium to background levels [27] . So, to prevent penetration of the bacteria to the cells, chloramphenicol 40 pg/ml was added to the bacterial culture 30 min before infecting the cells with the bacteria. Bacterial inoculum (c. 70 cfu/cell) was added, and the infected cells were incubated at 37°C for 2 h in a C02 incubator. Cells were washed five times with HEPESbuffered HBSS to remove non-adherent bacteria. The cells were harvested by incubating the flasks in prewarmed EDTA (Sigma, 5 mmol/L) in Ca2+-, Mg2+-free HBSS for 10 min and by scraping the plates with a 'rubber policeman'. Cells were counted and the viability of the cells was estimated by Trypan Blue dye exclusion. Cells (2 X lo5) were lysed with 1 ml of distilled water to release intracellular bacteria, and washed once. LB broth (1 ml) was added and a series of 1 in 10 dilutions was made. From each dilution a 100-pl sample was plated on LB agar. The plates were incubated at 37°C overnight, the bacterial colonies on the plates were counted and the numbers of cfu were determined.
Invasion assay
The bacterial inocula were added to confluent cell monolayers as described above for the adhesion assay. Infected cells were incubated at 37°C for 2 h in a C02 incubator and were then washed five times to remove non-adherent bacteria. Incubation was continued for different periods of time ( I h or 1, 3, 7 or 14 days) in RPMI culture medium containing FCS 10% v/v and Lglutamine 1% w/v and supplemented with penicillin, streptomycin and gentamicin. Cells were harvested and counted and the viability of the cells was determined. Bacteria were released by the lysis of 2 X lo5 cells, and the numbers of cfu were determined as described for the adhesion assay.
Imrnunocytochernistry
Henle-407 cells which were infected with S. Enteritidis and incubated for different periods (1 h-14 days) were cytocentrifuged on to microscopic slides (50 000 cells/ slide), air dried, and fixed with cold acetic acid/ethanol 5%/95% v/v at -20°C for 10 min. Slides were then stored at -20°C until used. Antisera against S. Enteritidis were raised by immunisation of rabbits with heat-killed (1 OO"C, 1 h) bacteria [28] . Increasing amounts of bacteria (0.25, 0.5, 1.0, 1.5 and 2.0 ml of bacterial suspension containing c. lo9 cWml in phosphate-buffered saline) were injected into the rabbits intravenously once a week for 5 weeks. The animals were bled 1 week after the final injection. For immunocytochemical detection of bacteria, the slides with cells on were overlaid with antiserum diluted 1 in 100 in PBS containing bovine serum albumin (BSA; fraction V; INC Biomedicals Ltd, Buckinghamshire) 0.2% (mixture designated BSA-PBS) and incubated at room temperature for 30 min. The slides were washed three times with BSA-PBS and treated with fluoresceinated F(ab')2 fragments of anti-rabbit immunoglobulin G (1 in 200) (Sigma) at room temperature for 30 min. After three washes, the slides were dried, mounted with PBS-glycerol (1 :9 v:v) which contained p-phelylenediamine (Sigma) 1 mg/ml, and examined with an incident light-fluorescence microscope (Dialux 20; Leitz, Wetzlar, Germany) with an Osram HBO 100 W mercury lamp.
Electrophoresis and immunoblotting
The cell samples from different time points (1 h-14 days) were dissolved in Laemmli's sample buffer under mild reducing conditions (P-mercaptoethanol 0.1 %) [29] and separated by vertical SDS-PAGE with a stacking gel of acrylamide 5% and a resolving-gradient gel of acrylamide 5-17%. Standards of known mol. wt were included in each gel run (Rainbow protein mol. wt markers; Amersham). Western blotting was performed by a modification of the method of Towbin et al. [30] . The separated components in the gel were immediately transferred electrophoretically on to nitrocellulose sheets (pore size, 0.2 pm; Schleicher and Schuell, Dassel, Germany) by a Transphor apparatus (LKBBromma, Bromma, Sweden) with prechilled Trisglycine buffer (pH 8.3) at 0.041 A for 2.75 h. The nitrocellulose sheets were cut into strips, and nonspecific binding sites were blocked by incubation in PBS containing non-fat milk 1% v/v at room temperature for 1 h. After three washes with PBS, the strips were allowed to react overnight at 4°C with rabbit antiserum diluted 1 in 500 in PBS. The strips were then washed and incubated at room temperature for 3 h with peroxidase-conjugated anti-rabbit antibodies diluted 1 in 1000 in PBS with AB serum (Finnish Red Cross) 3% v/v. After three washes, the reactions were developed with dioctyl sulphosuccinate substrate (Sigma)
Nitrite assay
Nitrite concentration in the medium was measured by a Griess reagent method [32] . Supernates from different time points (1 h-14 days) after the epithelial cells were infected with bacteria were collected. Samples were mixed with equal volumes of Griess reagent (1:l mixture of naphthylethylenediamine dihydrochloride 0.1% w/v and sulfanilamide 1% w/v in phosphoric acid 5% v/v and incubated for 10 min at room temperature. Absorbances at 546 nm were measured and nitrite concentrations were interpolated from reference standard curves prepared with sodium nitrite.
Transmission electron microscopy
Cells were harvested after 1 h, 1 day and 3 days as described above and 2 X lo4 cells/tube were centrifuged and fixed with glutaraldehyde (Merck, Darmstadt, Germany) 5% in 0.16 M s-collidine buffer (pH 7.4) and post-fixed with potassium ferrocyanideosmium fixative. The samples were embedded in epoxy resin (Glycidether 100, Merck) and then sectioned on a Reichert Ultracut E ultramicrotome (Reichert-Jung; Switzerland) for light and electron microscopy. Ultrathin sections were stained with uranyl acetate 12.5% and lead citrate 0.25% w/v and examined in a JEM-1 OOSX electron microscope (JEOL, Tokyo, Japan). For light microscopy, 1 pm thick sections were cut and stained with toluidine blue 0.5%.
Statistical analysis
To compare the bacterial recovery values at 1 h to later time points, Student's t test was applied.
Results
Viability of the cells
At the early time points (adhesion and 1 h) the cells were structurally normal and 90% of the cells were viable; the average number of viable cells was 2.0 X lo6 cells/flask in the beginning and increased to 5.0 X lo6 celldflask at 3 days. Thereafter, the number of viable cells started to decrease as their relative proportion in the cell culture diminished (on average 1.5 X lo6 viable cells/flask at 14 days), and the cells became more granular.
Adhesion and invasion of the bacteria to epithelial cells
S. Enteritidis adhered well to Henle-407 cells. The inoculum was c. 70 cfidcell, and 0.1-0.4 cfWcell were attached to the surface (Fig. 1) . When examined by fluorescence microscopy many bacteria adhered to the surface of some cells, whereas no bacteria could be seen attached to the others. A similar phenomenon was noticed in invasion; some cells were invaded by several bacteria, while in others bacteria could not be seen. The number of invading bacteria at 1 h was usually 1-3 cfdcell.
Survival of bacteria in epithelial cells
The fate of S. Enteritidis in human intestinal epithelial cells was followed for 14 days. The number of live bacteria/cell diminished quite steadily from 0.0 1 to 0.2 cfu/cell at 1 day (p = 0.02, compared with 1 h) to 0.001-0.2 cfidcell at 3 days (p = 0.005) and 7 days 10 - (Fig. 1) . Even after incubation for 14 days, there was still growth of 0.0005-0.1 cfu/cell, p = 0.005), indicating live bacteria in the cells. The number of viable bacteria/flask varied from a maximum of 5.0 X lo6 cfdflask at the earlier time points to an average of 1.2 X lo6 &/flask at 14 days. One experiment was also made with invasive E. coli strain for up to 8 days. At 1 day the number of intracellular bacteria was the same as the salmonella, and at 8 days the number of live bacteria/cell was 0.005 (data not shown).
Degradation of bacteria in epithelial cells
Immunocytochemical detection of S. Enteritidis in infected epithelial cells after 1 h of infection showed that most of the bacteria within the cells were intact, but in some the outer wall was ruffled and the shape of many bacteria had become more globular (Fig. 2) . At 1 day the cells contained only ghosts of the bacteria, and hardly any intact bacteria were seen. Large accumulations of degraded material and tiny positive dots were detected within and outside the cells. From 3 days until 14 days the amount of dense, clearly positive material within the cells diminished and tiny dots disappeared gradually.
Immunoblotting demonstrated a clear difference between the sample of whole bacteria and samples of infected cells; much of the bacterial material disappeared from cell samples. Also, many of the bands (between 20 and 40 kDa) which could be seen clearly in the strips at 1 h had either disappeared or become weaker at later time points (Fig. 3 ) . Rabbit antiserum reacts clearly with 0-polysaccharide of LPS of salmonellae, and the typical ladder pattern of this 
NO production by infected epithelial cells
Incubation media from infected cells were collected at different time points (1 h, 3 h and 1, 2, 3 , 4, 5 and 6 days) and nitrite, a stable oxidation product of NO, was measured with Griess reagent. Already at the beginning of infection (after 1 h) the production of nitrite by infected cells was slightly higher than the production by uninfected control cells (Fig. 4) . Production increased up to 2 days, after which it began to diminish again.
Transmission electron microscopy
Ultrastructural analysis of Henle-407 cells in control cultures (Fig. 5 ) and in those infected with S. Enteritidis confirmed the immunofluorescence results of bacterial integrity. The cytoplasm of the epithelial cells was normal in the beginning, except that the mitochondria1 matrix was heavily stained at all times and brought out the cristae in negative contrast (Figs 5, 7 and 8) . One hour after infection, there were several bacteria in the cytoplasm of many cells, but in spite of this the ultrastructure of the cells was unaffected (Fig. 6) . After 1 day, many cells containing bacteria started to degenerate. The first sign was dispersion of nuclear chromatin and re-organisation into fine granular aggregates that were not attached to nuclear envelope (Fig. 7) . However, there were still structurally intact bacteria in the cytoplasm, but also inclusion bodies containing apparent bacterial structures, probably processed polysaccharides. At 3 days, hardly any of the bacteria inside the cells were unaffected, and those which persisted had darkly stained uniform cytoplasm (Fig. 8) . Each of the bacterial cells was first seen inside its own membranous vesicle, and later inside larger vesicles containing many bacteria.
Discussion
Host-microbe interaction is apparently abnormal in patients developing reactive arthritis as a consequence of salmonella or yersinia gastroenteritis. These bacteria or parts of them appear to persist in the body for a long time. In fact, bacterial antigens but not live bacteria have been detected in the inflamed joints and intestinal mucosa of patients suffering from reactive arthritis for years after the initial infection [28, 33] . However, the exact pathogenesis of this non-purulent, asymmetric polyarthritis which develops to a chronic disease in some patients is still unclear. One important step in the pathogenesis of salmonella-triggered reactive arthritis is the primary invasion of bacteria into the host. The present study investigated more closely the interaction between salmonellae and intestinal epithelial cells, especially S. Enteritidis, because of its worldwide importance as a cause of reactive arthritis.
The observation that the number of intracellular bacteria was c. 10-fold higher than the number of bacteria attached to the cell surface may be explained by the long incubation time (2 h) of the cells and bacteria before the washing step. During this time the attachment sites at the cell surface may be occupied by the bacteria that cannot invade the cell; however, in those cells which bacteria can invade, the attachment sites become free again after the entry process, and new bacteria will have an opportunity to attach to the cell. It is also possible that during the incubation time of 1 h in gentamicin medium, the bacteria inside the cell start to multiply before the antibacterial mechanisms of the cell limit their number.
The finding of living bacteria inside cultured human intestinal epithelial cells by assay of cfu was confirmed by the electron microscopic demonstration of intact bacteria at the early time points. However, the majority of bacteria were degraded quite quickly.
As epithelial cells are renewed every 2-5 days in the intestine, one single cell cannot be the host of the bacteria for this entire period (2 weeks) in vivo. However, the survival of some bacteria inside the epithelial cells may provide a mechanism to overcome the problem of rapid cell turnover. By release from a dying cell and transfer to a living neighbouring cell bacteria would be able to persist in the intestine despite the rapid turnover of cells. 1o-r persist in reactive arthritis patients, and eventually move from there to other parts of the host, in this case to the joints. of S. Typhimurium in culture [34] . The possible lysosomal character of these vesicles requires further investigation, especially at the later time points, by immunolabelling electron microscopy. Another interesting finding by electron microscopy, which is worthy of further investigation, was the negative staining of mitochondria1 matrix in infected as well as in control cells. This phenomenon probably reflects an unusual metabolic state in these cells.
Gentamicin has been commonly used in these kinds of studies to kill extracellular bacteria. Viable Listeria bacteria would be exposed to extracellular milieu for a short period, and it would be clinically important to test even the non-penetrating antibiotics for the eradication of bacteria from the intestine.
Intestinal epithelial cells infected with S. Enteritidis produced marked amounts of NO, an unstable radical which is associated with numerous phenomena in the body, including immune responses. The early increase in the production of NO until 2 days, and the subsequent steady decrease are probably correlated with the respective changes in the amounts of stimulating bacteria. The main purpose of the production of NO is probably killing the bacteria, but it could also explain some phenomena related to salmonella enteritis, for example, damage of intestinal epithelial cells [37] and abdominal pain. If the synovial cells in the joints produce NO in response to salmonella antigens, this could contribute to the inflammation seen in reactive arthritis.
Most patients with reactive arthritis are HLA-B27 positive. However, the exact role of HLA-B27 in the pathogenesis of reactive arthritis remains unclear. It seems that in HLA-B27 positive patients with reactive arthritis, the elimination of the bacteria is in some way inefficient. It is not known whether there is any difference in the capability of HLA-B27 positive and negative intestinal epithelial cells to process bacteria causing reactive arthritis. This could be one critical point in the pathogenesis of reactive arthritis, because epithelial cells form the first barrier against the bacteria on their way from the intestine further into the body. However, there are also other cell populations involved in microbe-host interaction in the intestinal environment in vivo; thus it could be worth studying these interactions more closely either in vivo or in vitro, for example, by using a phagocytic cell line with epithelial cells.
